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Abstract:

Zinc oxide nanoparticles (ZnO NPs) are a famous metal oxide, which is introduced in
many daily life applications due to its physiochemical properties. Many parameters can influence
the physiochemical properties of ZnO NPs such as pH, temperature, surface chemistry, solvent
and precursors. In this work, we aim to investigate the role of hydroxide anionic precursors on
the cytotoxicity of ZnO NPs against breast cancer. ZnO NPs were prepared by chemical
precipitation using two different hydroxide anionic precursors (Ammonium hydroxide and
Sodium hydroxide). X-ray diffraction (XRD) and High-Resolution Transmission Electron
Microscope (HRTEM) were employed to study structural properties, while UV-visible
spectroscopy was used for measuring the optical properties of the investigated samples. The
induced toxic effect was screened using MTT cell proliferation assay. The obtained results
confirmed the successful production of ZnO NPs from the two different anionic precursors
(Sodium hydroxide and Ammonium hydroxide) using the chemical co-precipitation method.
Structural analysis reveals that there is a direct effect of changing the hydroxide anionic
precursors on the internal structure and particle size of ZnO NPs. The use of ammonium
hydroxide as a hydroxide anionic precursor produces semispherical ZnO NPs with a larger
particle size, higher crystallinity and smaller optical bandgap compared with sodium hydroxide.
The anticancer activity was measured using MTT assay against breast cancer cells (MCF-7). The
obtained results revealed that ZnO NPs synthesized using sodium hydroxide as an anionic
hydroxide precursor have a higher activity than ZnO NPs synthesized using ammonium
hydroxide.

Keywords: ZnO NPs, Breast cancer, MCF-7, cytotoxicity, sodium hydroxide.
1- Introduction

Cancer has been recognized as the second greatest cause of death worldwide, making it one of the
most significant public health challenges. According to statistics, the number of monitored cases
is constantly in the United States 1,762,450 new cancer cases and over 600,000 annual deaths
were reported in 2019 (Siegel et al., 2021).
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According to Global Cancer Observatory (GLOBOCAN) estimates, as of December 2020, the
number of cancer cases in Egypt was 27,165 overall, with the most common cancers being breast
(61,160), liver (28,977), bladder (26,986), lymphoma (19,096), leukemia (14,274), brain and
central nervous system (11,470), and prostate (10,523) (Ibrahim & Shash, 2022).

ZnO is a multifunctional nanomaterial possessing intriguing semiconducting properties. It
characterizes by enormous band gap energy of 3.37 eV and strong excitation binding energy of
60 MeV(Schumm, 2008). ZnO is a white powder and is insoluble in water and most ZnO used
commercially is produced synthetically (Bisht et al., 2016; Harun et al., 2016). Accordingly,
ZnO NPs were introduced in many daily life applications due to their physiochemical properties.
Many parameters can influence the physiochemical properties of ZnO NPs such as pH,
temperature, surface chemistry, solvent and precursors. Depending on the NPs synthesis
approaches, ZnO NPs can be obtained through three different routes: chemical, physical and
biological routes. Chemical methods can be categorized according to the physical state to solid
phase, liquid phase and vapor phase (Krdl et al., 2017). Among these techniques are sol gel,
hydrothermal, solvothermal, microwave, ultrasonic, plasma, electrochemical, and solid state
(Barhoum et al., 2018; Loganathan et al., 2021). Several factors can affect the precipitation of
ZnO NPs including reaction pH, temperature and time. Moreover, Zn precursors such as zinc
chloride, zinc sulphate and zinc acetate and solvent used can affect the size and morphology of
the produced NPs. Precipitation techniques have been shown to have a number of benefits,
including high quality and large-scale production of nanoscale materials without the requirement
for hazardous organic solvents, as well as affordability and ease of use (Limon- rocha et al.,
2022).

ZnO NPs exhibit a high degree of selectivity towards a range of cancer cell types, including liver
cancer cells (HepG2), epithelial cells (BEAS-2B), lung cancer cells (A549), human melanoma
cells (A375), mouse melanoma cells (B16F10), human head and neck squamous cell (HNSCC),
and breast cancer cell line MCF-7. These properties are attributed to ZnO NPs' unique intrinsic
anticancer activity and ROS regeneration capability (Ahmadi Shadmehri & Namvar, 2020;
Bisht et al., 2016; Chung et al., 2015; Selvakumari et al., 2015). The smaller size of ZnO NPs
facilities the internalization into the cellular membrane. Due to its high surface-to-volume ratio, it
interacts with various biomolecules disrupting cellular homeostasis leading to apoptosis and
cancer cell death (Selvakumari et al., 2015).

Once ZnO NPs internalized into cancer cells, they ionized to zinc ions which initiate the ROS
generation via cascaded reactions. In the culture media, the dissolved Zn ions interact and form
poorly soluble amorphous zinc-carbonate phosphate precipitates. While inside the cell, the
dissolved Zn ions increase the concentration of zinc ions which are already present inside the cell
membrane leading to disturb the mediated protein activity equilibrium by oxidative stress which
finally lead to cellular damage (Krdl et al., 2017).

The smaller particle size as well as surface properties of ZnO NPs contribute to a very
characteristic property, which is the permeation and retention effect (EPR) in tumor cells. Cancer
cells are cells with uncontrolled growth therefore they have limited number of blood and
lymphatic vessels and less cellular connections. Moreover, the blood contains many pores with
different sizes ranging from 100 nm to 1 micrometer. These characteristics enhance the diffusion
of NPs through the blood vessels to cancer cells showing enhanced permeation selectively. The
localized NPs inside the cancer cells didn’t move quickly by interstitial fluid surrounding the cell
due to the improper lymphatic system of cancer cells and took longer retention time. With the
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increasing permeation and retention process, the selectivity and efficacy of NPs to destroy the
cancer cells increased (Bisht et al., 2016; Nam et al., 2013). The electrostatic interaction
between ZnO NPs and cancer cells is another factor that contributes to ZnO NPs' sensitivity to
cancer cells. It's reported that ZnO NPs exhibit a positive charge in physiological medium,
whereas cancer cells exhibit a negative charge as a result of the elevated levels of negatively
charged anionic phospholipids on their surface. This causes ZnO NPs to be more attractive to
cancer cells, which improves ZnO NP uptake and localization (Frohlich, 2012; Rasmussen et
al., 2010).

The presented work motivates us to investigate the role of hydroxide anionic precursors on the
cytotoxicity of ZnO NPs.

2. Materials and Methods

2.1 Materials

Materials used in this study were used without purification. Sodium hydroxide, Ammonium
hydroxide and Zinc acetate dehydrate were purchased from (Oxford Company, India). 0.05%
Trypsin-EDTA, Dulbecco’s modified Eagle’s medium (DMEM), Demso Phosphate buffered
saline (PBS), Fetal bovine serum (FBS), penicillin/ streptomycin (P/S) and MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from (Himedia -India).
Breast cancer cell line (MCF- 7) obtained from the Egyptian holding company for biological
products and vaccines (Vacsera - Egypt). This work was approved by the Ethics Committee of
South Valley University, Faculty of Science (Permit Number: 003/08/24).

2.2 ZnO NPs preparation from two hydroxide anionic precursors

The chemical precipitation method was adopted to synthesize ZnO NPs with two hydroxide
anionic precursors (Sodium hydroxide and Ammonium hydroxide), Figure (1) (Koutu et al.,
2016). Briefly, Zinc acetate dehydrate (Zn (CH3COO),-2H,0) was dissolved in 50 ml distilled
water (D.W) under vigorous stirring at room temperature. Hydroxide anionic precursor (NaOH or
NH4OH) was added dropwise to adjust the pH to 12 under vigorous stirring for 2 hr. The
following day, the precipitate was collected using centrifugation and properly cleaned three times
using D.W. and once with ethanol to get rid of any remaining residues then dried at 100 °C.

2.3 Characterization of ZnO NPs

X’Pert PRO-PAN diffractometer with Cu-Ka radiation (A= 1.54056 A°) was used for phase
identification and structural analysis of the investigated samples. A high-resolution Transmission
electron microscope (JEOL, JEM 2100, Japan) was used for further morphological and
structural studies. Optical absorption of the investigated samples was recorded using UV-visible
spectrophotometer (SPECORD 200 PLUS, Analytik Jena, Germany).

2.4 Cytotoxicity of ZnO NPs synthesized using two hydroxide anionic precursors

Human breast cancer cell lines (MCF-7) were used to evaluate the cytotoxicity of the prepared
samples. Complete culture media was prepared using DMEM containing 4.5 g/l, Glucose with L-
Glutamine, 10 % heat-inactivated FBS and 1 % P/S. Cells with density 1x10° cell/well were
cultured in 96 well plate and incubated at 37°C, 5% CO, for 24h. ZnO NPs solution was prepared
by dissolving 5 mg of ZnO NPs in 5 ml PBS solution using sonication for 30 minutes to obtain
stock solution, then serial make dilution with concentration 0.625, 0.125, 0.25, 0.5 and 1 mg/mL
for both ZnO NPs samples.
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Figure (1): Diagrammatic visualization of ZnO NPs synthesis using two hydroxide anionic
precursors (Sodium hydroxide and Ammonium hydroxide)

After 24 h of cell culturing, cells were washed with PBS and 100 pl of new culture media
containing ZnO NPs with concentration 0.625, 0.125, 0.25, 0.5 and 1 mg/ml were added to each
well and incubated at 37°C, 5% CO, for 24 h. Next day, standardized [3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium] was used for measuring the percentage of viable cells. For
preparation of MTT solution, 5 mg of MTT reagent was dissolved in PBS 5 ml under stirring for
1 h. The formed solution was then filter, sterilized and stored in dark at 4 °C (Ahmed et al., 2023).
For cytotoxicity measurements, the culture media was removed from cells after 24 h of treatment
with ZnO NPs and cells were washed with PBS to remove debris. For conducting MTT assay,
100 pl containing (80 pl of media without serum and 20 pl of MTT solution) were added to each
well and the whole plate were incubated in dark at 37°C for 3 h. Following, 100 pl of MTT
stopping reagent (DMSQ) was added to cells under shaking condition for 15 min in dark. Finally,
the absorbance at 590 nm of each well was measured spectrophotometrically. The percentage of
viable cells was normalized in respect to corresponding control and calculated using the
following formula:

Asample - Acontrol

Precentage of cell viability(%) =
. . . Acontrol_
Where Asample 1S the absorption of sample and Acontrol IS the absorption of the control (cells

without NPS).
The experiment was conducted three times, and the calculated values were expressed as the mean
of the three experiments + standard deviation.

3. Results and Discussion

3.1 Structural identification of ZnO samples using XRD
The XRD pattern of the ZnO NPs prepared by the chemical precipitation method using NH,OH
and NaOH as hydroxide anion precursors is shown in Figure (2). All the observed peaks were
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appertained to ZnO wurtzite structure, which was agree with the reported card (JCPDS Card No.
01-089-0510) (Thomas, 2014), see Table (1). The sharp diffraction peaks of the ZnO (waoH) NPs
sample indicate the higher crystallinity of this sample compared with ZnO (naony NPs. This result
suggested that the change of the anionic precursor didn’t alter the structure of ZnO NPs, instead,
it changed the crystallinity of ZnO NPs (Raou, 2013).

Zn0 (Na0H)
: 1
£ (002) | (101)
=
&
k= (100)
(102) (
H‘ | | |
20 30 40 50

20 (degree)

Figure (2): XRD diffraction of ZnO NPs synthesized using ammonium hydroxide and
sodium hydroxide as hydroxide anion precursors.

The average crystallite size of the samples was calculated using Scherer’s formula (Alghamdi et
al., 2023):

_ 091
L= I'Cos@

Where D, is the average crystal size, 0.9 is a constant, A is the wavelength of the X-ray source, 0

is the diffraction angle, and I is the angular line broadening and represents the full width at half
maximum of diffraction peaks.

For ZnO (Haow) the calculated average crystal size was 24.5+ 1.5 nm, while for ZnO (naow) it Was
23.044+ .84 nm, see Table (1). These results indicate a small difference in the crystallite size
occurs by changing the anionic procurers, which is in line with the reported results (Amirthavalli
et al., 2018; Arya et al., 2021). As ZnO production begins with the creation of hydrated hydroxides
[(Zn (OH), and HO-Zn groups] as precursor molecules at an earlier stage of solid material
nucleation, the amount of moles of HO-must be at least twice that of Zn®* (Tokumoto et al., 2003).

3.2 HRTEM analysis

Figures (3) and (4) represent the HRTEM morphology with the corresponding particle size
distribution of the synthesized ZnO (nhaony and ZnO (naow), respectively. With the change of the
hydroxide anion precursors, a small change in the particle size was observed. The average
particle size as calculated from HRTM images was 24 + 7.1 nm and 17.8 + 5.2 nm for ZnO
(HaoH) and ZnO (naow), respectively, which is in line with the obtained results from XRD. Due to
the fact that the crystallite size determined by Scherer's equation does not equal the particle
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size—particularly in the case of polydisperse NPs with aggregation, like ZnO NPs, where one
particle often contains many crystals—these values are smaller than those derived from XRD
results.

Table 1: Peak position, Interplanar spacing dyg for corresponding Miller indices (hkl),
FWHM and the calculated particle size (D nm) from XRD data of ZnO (nnaony and ZnO
~aoH) NPs and JCPDS Card No. 01-089-0510.

Zn0O HaoH)

Plane 26 (card) dhkl (card) | (card) 20 FWHM | dhkl D (nm)

(100) 31.78 2.814 4085 31.8414 0.331 2160.4 2.80708 26.05732

(002) 34.42 2.603 3106 34.4952 0.338 2646.8 2.59695 25.69428

(101) 36.26 2.475 7758 36.4177 0.341 4193 2.46414 25.60519

(102) 4754 1911 1701 47.6139 0.376 1037.8 1.90756 24.11041

(110) 56.61 1.624 2454  56.7799 0.409 1301.5 1.61945 23.05141

(103) 62.86 1.477 2213 62.9829 0.432 1422.7 1.47405 22.51552
ZNn0O (NaoH)

Plane 26 (card) dhkl (card) | (card) 20 FWHM | dhkl D (nm)

(100) 31.78 2.814 4085 31.7966 0.358 1560.4 2.81093 24.08941
(002) 34.42 2.603 3106 34.4532 0.367 1846.8 2.60002 23.66125
(101) 36.26 2475 7758 36.2858 0.372 3093 24728  23.46256
(102) 4754 1911 1701 47.5769 0.396 702.17 1.90896 22.88946
(110) 56.61 1.624 2454 56.627 0.425 975.35 1.62346 22.16763
(103) 62.86 1.477 2213 62.8907 0.442 843.74 1.47599 21.99528

Frequency

Figure (3): HTEM image of Zno (NHaoH) With the corresponding particle size distribution;
the main image with scale bar 50 nm and the image in the right corner with scale bar 100
nm.
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" Frequency

Figure (4): HTEM image of ZnO aony With the corresponding particle size distribution;
the main image with a scale bar 50 nm and the image in the right corner with a scale bar
100 nm.

3.4 UV-visible spectroscopy
The optical activity of ZnO NPs synthesized with different hydroxide anion precursors was
investigated using UV-visible spectroscopy. The absorption spectra of both samples reflect the
absorption edge at 370 and 365 nm for ZnO (nHaon) and ZnO (naow), respectively, Figure (5). The
observed blue shift in the absorption edge of both samples compared with the reported value for
Zn0O (376 nm) was mainly due to the change of crystal size, which is confirmed by the structural
analysis (Almeida et al., 2021; Amirthavalli et al., 2018). Furthermore, neither sample's spectra
showed any new peaks, indicating that they were both pure. A number of variables, including the
band gap, oxygen insufficiency, size, shape, surface chemistry, and impurity centers, affect
absorption. One particularly noteworthy characteristic of ZnO that attracted interest in biomedical
applications was its high capacity for UV absorption (Selvanathan et al., 2022).
The band gap of the investigated ZnO NPs was measured with the well-known Tauc equation
(Almeida et al., 2021; Kahouli et al., 2015):

(ahv) = A(hv — Eg)n
where o is the absorption factor, A is a constant, /v is the photon energy, Eq is the optical band
gap energy and n is a number represent the allowed transition n=1/2 or 2 for direct transition and
indirect transitions, respectively. The band gap can be determined graphically from the liner
fitting of the graph of (ahv)? verse hv, as shown in Figure (6). The calculated bandgap was 3.19
and 3.22 e.v for ZnO (nHaowy and ZnO (naow), respectively.

I .
* Diameter (nm)’
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Figure (5): Absorption Spectra of ZnO (wHaoH) and ZNO (naoH)

According to structural analysis, which is also consistent with the published results, the tiny
difference in the optical bandgap of both samples relative to the bulk ZnO may be caused by
variations in particle size. The optical bandgap increased with the decrease in the particle size
(Amirthavalli et al., 2018; Fonoberov & Balandin, 2007; Zno, 2009).

4.3 Anticancer activity

One of the most challenges of NPs as anticancer agents is the selectivity of cancer cells (Bai et al.,
2017). ZnO NPs are characterized by a high selectivity to cancer cells compared to normal cells.
The presence of anionic phospholipids with a high concentration promotes the electrostatic
attraction of ZnO NPs with cancer cells, which facilitates selective targeting. Once this selective
targeting occurs the cellular uptake initiates resulting in cellular distraction and death (Anjum et
al., 2021; Raffa et al., 2011). The reported mechanism of ZnO NPs cytotoxicity started with the
cellular uptake then ZnO NPs dissolved to Zn ions, which initiate the production of reactive
oxygen species (ROS). Due to the high selectivity of ZnO NPs to cancer cells, the number of
generated ROS in cancer cells is higher than that in normal cells (Ahamed et al., 2012; Levy et al.,
2017). Particle size, shape and surface chemistry are key parameters in the anticancer activity of
NPs. All the parameters are related to the synthesis methods and functionalization of NPs
(Gomathi et al., 2021; Gupta et al., 2013). In our proposed work we focus on the change of
hydroxide anionic precursors on the physiochemical and anticancer activity of ZnO NPs.

MTT assay was used to assess the toxic effect of the synthesized ZnO NPs samples against MCF-
7 cells, Figure (7). A gradual decrease in the MCF-7 cell viability was observed as the
concentration of both samples ZnO NPs increased compared to control cells (cells without NPs),
which confirm the production of ROS. The calculated 1Cs, was 0.66 and 0.86 mg/mL for ZnO
aoH) and ZnO (vhaony Samples respectively. Figures (8) and (9) show the microscopic images of
cells under investigation after exposure to ZnO (naowy and ZnO (nwaow), respectively with two
concentrations (0.0625 and 1 mg/mL). At low concentration (0.0625 ml/mL) cells have the
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normal shape and morphology, while at high concentration (1 mg/mL) cells tend to shrink due to
cell apoptosis (Krol et al., 2017; Rafique et al., 2023).

1x10°

. l (a) ZDO(NH4OH)
1x10°9 Eg=3.19 ev

1x10° -

1x10° -

ohv )2

9x10 -
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7x10 . . , . y . ;
3.15 3.20 3.25 3.30 3.35 3.40
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Figure (6): Optical bandgap calculation using Tauc equation for (a) ZnO NH4oH) and (b)
ZNO (naoH)

As the structural study reveals, the change of the hydroxide anionic precursor was confirmed to
cause changes in the physicochemical properties of ZnO NPs. Herein this context, the MCF7 cell
viability of the ZnO (naony Sample showed a higher decrease compared with that of the ZnO
(vHaoH) Sample. This change in the cytotoxicity profile of both samples may be attributed to the
change in the particle size. The smaller particle size enhances the penetration of ZnO NPs into the
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cell wall, which in turn will affect the number of generated ROS and increase the number of dead
cells (Baranowska-wdjcik, 2021; Gomathi et al., 2021).

100~ @@ 70 . 1C_ =0.66 mg/mL
B 7n0 . IC_ = 0.86 mg/mL
80
S
£ 60+
2
» 40+
3
o
20
0+ v 1 1 4 I
0.0 0.2 0.4 0.6 0.8 1.0

ZnO NPs Concentration (mg/mL)

Figure (7): percentage of viable MCF-7 cells normalized to control after treatment with
different concentrations of ZnO (nHaon) and ZNO (naorHy NPs for 24 h.

Low concentration (0.0625 mg/ml) High concentration (1 mg/ml)

. . v, e e
N A AP </

Figure (8): MCF-7 control cells and cells treated ZnO (naony NPs at varying concentrations
for 24 h under a microscope (1 and 0.0625 mg/ml).
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Figure (9): MCF-7 control cells and cells treated ZnO (nasony NPs at varying concentrations
for 24 h under a microscope (1 and 0.0625 mg/ml).

4. Conclusion

ZnO NPs were successfully synthesized from two different anionic precursors (Sodium
hydroxide and Ammonium hydroxide) using the chemical precipitation method. The structural
analysis reveals the successful formation of ZnO NPs in both samples under investigation as the
fingerprint peaks of ZnO NPs appeared in XRD and UV-vis spectra of both samples.
Cytotoxicity measurements reflect a higher decrease in MCF-7 cell viability after exposure to
Zn0O (naoH) compared with that of the ZnO wnaony Sample. This change in the cytotoxicity profile
of both samples may be attributed to the change in the particle size. The smaller particle size
enhances the penetration of ZnO NPs into the cell wall, which in turn will affect the number of
generated ROS and increase the number of dead cells.
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